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Economic  and Environmental Feasibility
of Variable Rate Nitrogen Fertilizer
Application with Carry-Over Effects
K. Bradley Watkins, Yao-chi  Lu,
and Wen-yuan Huang
This  study  evaluates  the  long-term  profitability  and  environmental  impacts  of
variable rate versus uniform nitrogen application  in seed  potato production with
nitrogen  carry-over  effects included.  Seed  potato  yields were  simulated  for  four
different areas of a field using the EPIC crop growth model. A dynamic optimization
model was used to determine optimal steady-state nitrogen levels for each area and
the entire  field. Average nitrogen losses and economic returns  were evaluated  for
both uniform and variable rate nitrogen fertilizer. Variable rate nitrogen application
was  found  to  be  unprofitable  for  the field  when  compared  to uniform  nitrogen
application. Nitrogen losses for the field were about the same under both strategies.
The results indicate greater economic and environmental benefits may be achieved
by splitting nitrogen applications, especially for areas of  the field exhibiting low yield
productivity.
Key words: dynamic optimization, nitrogen carry-over, nitrogen loss, profitability,
variable rate application
Introduction
The traditional method of agricultural input application is to treat the entire field as one
homogeneous unit and apply the input uniformly throughout the field in one fixed rate.
This method ignores spatial variations in soil type, soil fertility, and yield potential that
are likely to be present in the field. As a result, the input is underapplied in some areas
and overapplied in other areas. Variable  rate application  refers to the application of
agricultural  inputs in  specific and  changing rates throughout the field.  The goal  of
variable  rate application is to apply a precise amount of fertilizers, pesticides, water,
seeds, or other inputs to specific areas in the field where and when they are needed for
crop growth.  Variable rate application has the potential to increase both agricultural
productivity and environmental stewardship.  However, this practice must be shown to
be profitable before farm operators will adopt it.
The economic feasibility of variable rate application has not been fully explored. To
date,  the economic  studies that have  been  conducted  have produced  mixed results,
leaving the profitability issue unresolved (Lowenberg-DeBoer  and Boehlje; Lu et al.).
Most studies focus solely on fertilizer application and use a partial budgeting framework
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to evaluate the returns and costs associated with variable rate application (e.g., Carr et
al.; Fiez, Miller, and Pan; Hammond; Hayes, Overton, and Price; Hertz and Hibbard;
Wibawa et al.; Wollenhaupt and Buchholz). Nearly all of the profitability studies use
yield goals and fertilizer recommendations to determine the amount of fertilizer to be
applied. However, fertilizer application based on yield goals and fertilizer recommen-
dations may not necessarily lead to maximum net returns.
In  addition, most  earlier  investigations  ignore  the  effects  of variable  rate  input
application on the environment. A notable  exception is a recent study by Schnitkey,
Hopkins, and Tweeten, who evaluated the profitability of variable rate phosphorous and
potassium application for a corn-soybean rotation. They used dynamic  programming
(DP) to account for soil nutrient carry-over from year to year and to determine optimal
steady-state  nutrient rates for each  crop in the rotation. The authors  compared the
returns from variable rate application to its costs and found it to be profitable for all 20
fields evaluated in their study. Their results also indicated variable rate application of
phosphorous and potassium would lead to lower average nutrient levels when compared
to uniform application, and therefore result in less nutrient loss from the field.
The objective of this analysis is to determine the long-term economic  and environ-
mental feasibility  of variable rate nitrogen  fertilizer application  for a  specific  field
situation  given  nitrogen  carry-over  effects.  Variable  rate  application  of  nitrogen
fertilizer  is  the focus  of this  investigation  primarily  because  most  crops  use  more
nitrogen than any other nutrient, and because nitrogen is highly water soluble and
therefore more likely to leach into groundwater than other nutrients (Hallberg; Lee and
Nielsen; Spalding and Exner). Seed potato is selected for this study because it is a high-
value product and profitability from variable rate application may be easier to achieve
for higher value crops (Lowenberg-DeBoer and Boehlje). A dynamic optimization model
is used to determine  optimal steady-state  nitrogen fertilizer rates for different parts
of a field near Ashton, Idaho, exhibiting  spatial  seed potato yield variability.  As in
Schnitkey, Hopkins, and Tweeten, we evaluate variable rate fertilizer application for a
rotation rather than a monoculture setting. However, this study differs from Schnitkey,
Hopkins,  and Tweeten in two ways. First, we evaluate variable rate application  for
nitrogen fertilizer only. Second, we evaluate variable rate nitrogen fertilizer application
for only the cash crop (seed potatoes) rather than for every crop in the rotation.
Proper assessment of the long-term economic and environmental impacts of variable
rate nitrogen application requires long-term crop yield and nitrogen movement data.
Since variable rate application is still in its infancy, no such data are available. Until
these data become available, crop simulation models may be used to evaluate the long-
term impacts of variable rate application (Lowenberg-DeBoer  and Swinton; Lu et al.).
We use the EPIC crop  growth model to estimate  crop yields and nitrogen losses for
different parts of the field under uniform and variable  rate nitrogen fertilizer appli-
cation.
Site Description of Field
This study is based on actual farm-level production data from a seed potato operation
near Ashton, Idaho. The area under study is a 63-hectare field composed of Kucera silt
loam with bedrock substratum and Lostine silt loam soils. Both soils are classified as
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being well drained, moderately permeable, and possessing high water-holding capacity
[U.S. Department of Agriculture (USDA), Soil Conservation Service]. The typical rota-
tion used on this field is a three-year seed potato/spring wheat/feed  barley sequence,
with seed potatoes planted in early May and harvested in early October, and the two
grain crops planted in early April and harvested in late August. Seed potato yields were
monitored across the field in October 1995, using a load cell type yield monitor system
similar in design to that reported in Rawlins et al. The resulting data indicate seed
potato yields for 1995 ranging from less than 6 Mg ha-' in some areas to over 22 Mg ha-1
in other areas. This information was used to group seed potato yields into the following
four ranges:
*  YldR1  = below 6 Mg ha-l (5 ha),
*  YldR2  = between 6 and 11  Mg ha-l (21 ha),
*  YldR3  = between 11 and 17 Mg ha-l (31 ha), and
*  YldR4 = greater than 17 Mg ha-l (6 ha).
A dynamic optimization  model is used to determine optimal steady-state  nitrogen
fertilizer levels for each yield range and the field during the potato year of the rotation.
In the next two sections, we present this model and explain how it was used to derive
optimal steady-state nitrogen fertilizer levels for each part of the field.
The Dynamic Optimization Model
Potatoes are grown in rotation with other crops for pest management reasons. In Idaho,
seed potatoes may be rotated with as many as two or three other crops in three- and
four-year rotations.  Small grain crops such as wheat and barley are the typical crops
used  in these rotations,  and often  are not  individually  profitable.  They  are  grown
primarily for pest management benefits, and as such represent expenses to seed potato
production.  Consequently,  seed potatoes may have greater potential to benefit from
variable rate nitrogen application than the other crops used in the rotation.
Historically, a three-year seed potato/spring wheat/feed barley rotation has been used
on the 63-hectare  study field. Assume the farm operator uses variable rate nitrogen
fertilizer  application  during  the  seed  potato  year,  but uses  conventional  nitrogen
fertilizer application during the wheat and barley years. As noted earlier, most studies
evaluating the profitability of variable rate fertilizer application use yield goals and
fertilizer recommendations to determine the optimal amount of fertilizer to be applied.
However,  fertilizer should be applied at the level at which the value of the marginal
product of fertilizer is equal to the price of fertilizer. Furthermore, when there are carry-
over effects (e.g., fertilizer applied in the current season promotes crop growth in the
current and subsequent seasons), the optimization rule must be revised to maximize the
present value of net returns from a sequence of crops (Kennedy).
Both Taylor  and Kennedy  show how dynamic  optimization models  can be used to
determine  optimal fertilizer  application rates for continuous cropping  systems  with
fertilizer carry-over. We have modified the Taylor model to determine optimal nitrogen
fertilizer  application  rates  for  the three-year  seed potato  rotation.  For the  sake  of
simplicity, assume the amounts of nitrogen applied in the wheat and barley years are
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held constant at their historical averages.'  Given the decision maker desires to maxi-
mize the expected value of profit for the rotation, the recursive equation for optimal
nitrogen application during the potato crop year can be expressed as:
(1)  kR  R  P Pp  Pp  . r  r  rt+2 kK,t,  k,t+l X  k,t+2;  t  Pt+,  t+2  rt  rt+l,  rt+2)
Max E [P  Yk,(  N  t  PkPt)  rtAk,
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+ aPt+lYk,t+l Nkt+l,  Pk,t+l  - oxrt+lA
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+  RWP  R 3  P  W  B •  (XF  R  2+~t+3,  R w +  °3k+1(  -k+l,t+3  r k+l,t+41  Rk+l,t+5,
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Pt+3,  t+4  Pt+5;  rt+3, rt+4, rt+5)
subject to:
(2)  N,  = Ak  + Rkt
W  AW  + R  W N  t+l  = A  + Rkt+1
k,t+2  =  + Rk,t+2;
(3)  Rkt+l  = V  N kt(Nkt,  t
Rkt+ 2 =  Vk,t+lN  t+l  k,t, l
P  VB(NB  B
k+l,t+3  k
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(4)  Ak  Žt  2  0,  with RP1 given,
where
Fk(.)  =  the expected present value of crop sequence k  (k  = potato/wheat/barley),
with variables in parentheses representing state variables;
t  =  the crop year;
E =  the expectation operator;
Y  (),  YkW+ l(  Y),  t+2(')  =  stochastic production functions for potato,  wheat, and k,t(')9 Y<')),  Y=
barley, respectively;
P  W  B Pt. Pt+P, P+2  =  crop prices;
Actually,  fertilizer application generally is based on an annual soil test for the field and some desired yield goal. Thus
nitrogen fertilizer application varies somewhat from year to year for all crops in actual practice. For this study, we hold nitro-
gen fertilizer application constant during the wheat and barley years, since we are concerned primarily with optimal nitrogen
fertilizer application during the potato year only, when application rates are allowed to vary for different  areas of the field.
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P  W  B
Nkt, Nkt+1, Nt+2 = available nitrogen fertilizer identities for each crop year;
W  B  P
Rkt+l  Rkt+2' Rk+t+3  = residual soil nitrogen carry-over levels for each crop year; Rk,t+l, k,t+2'  k+l,t+3  -
VP(), VW+ 1 )  Vkt+2()  =  stochastic nitrogen carry-over functions for each crop
year;
Ak  AW, AB  =  amounts of nitrogen fertilizer applied in each crop year;
rt  =  the price of nitrogen fertilizer in crop year t;
P  W  B  P  W  B
Pk,t,  Pk,t+l, Pk,t+2,  5k,t  k,t+  k,t+2  =  random variables; and
a  =  the time preference  discount factor equal to  1/(1  + d)t, where d equals the
discount rate.
Subscripts k and t are excluded fromAW and  AB because nitrogen application rates in
the wheat and barley years of the crop sequence  are each assumed constant and equal
to their historical averages,  as noted earlier.  The stochastic dynamic economic model
above represents the objective function of a risk-neutral farmer who wants to determine
the optimal  nitrogen fertilizer application  rate that maximizes  the present value  of
expected net farm income. While risk neutrality is commonly assumed for farmers in
most dynamic programming  studies, this assumption  excludes  the impacts  of inter-
temporal (between-year)  and intratemporal  (within-year) risk faced by farmers when
making agricultural decisions.  Krautkraemer,  van Kooten, and Young show how both
intertemporal and intratemporal risk may be incorporated into dynamic programming
models.
The problem above can be solved recursively beginning with the last crop sequence
in the planning horizon and working backwards through time. Assuming no terminal
value for residual soil nitrogen,  (1)  can be expressed as:
(5)  F  P  RW  RB.  PP  pW  PB (5)  F, RKT-2,  PT,  T-2  ,  r  T-1,  rT
P  P
MaxE[PT  Y  -2(NKT-2  P9K,T-2  - rT-2  AKT  2
K,T-2
APT-1 YK,TlT-  (N  K,T  T-1)  wTAW
X2PB  B  B  B  2 +  2PYT  iKT(NiKT,  PKT) - ~  rTA1],
where Krepresents the last crop sequence in the planning horizon, and Trepresents the
last crop year in the planning horizon. Assuming current prices are known and expected
prices in period T can be determined by prices in period T-  1, expansion of the expecta-
tion operator in (5) gives:
(6)  ^FK(RTK  T-2'  RK  K  T- ; PT-2, PT-  PT; rT-29  rT-  rT
P  P  P
Max  PT-2YKT-2NT-2  rT-2AK,  T-2
AKT-2
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+  a2E(PT  PT-1)TNT)  - E(rT rT-I)A],
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where YK,T- 2(NK,T-2),  YKT-1(NKT-1)  and YKT(NT)  represent the expected values of the
potato, wheat, and barley production functions, respectively.  Assuming these expected
values are continuously differentiable and strictly concave, the optimal level of applied
nitrogen fertilizer, AKT-,  can be obtained by solving the first-order condition:
P  P
OFK  P  KT-2  NKT-2
(7)  --  P =  PT-2  p  p  - rT-2
AK,T-2  NK,  T-2  AK,  T-2
\ 
W
a2E(p  p  )  aYK, T-Y  1  NK,  T-
+ aE(PT1 IPT 1)  B N,  P
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and
aNI  6NB  NNWT  1'
aNK'  T  )  ONK'L-1 ]. (10)  OAJKT  T  A2  NK  ,  T  NKT
AAK  T-2  \  ^Kr-l  )  K,T-2 )
Thus, the first-order condition for profit maximization of (7) is expressed as:
p
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The first term on the right-hand  side  of the  equal sign in (11)  is the value  of seed
potatoes  obtained from a marginal unit of AT-2 in year T-2, the second term is the
price  of nitrogen  fertilizer  in year T -2,  the  third term  is the  effect  of a marginal
unit of AKT2 on the value of spring wheat in year T - 1, and the fourth term is the effect
of a marginal unit of AKT2 on the value of feed barley in year  T (the last period in
the planning horizon). The optimal level of available nitrogen for potato crop year T - 2
(NK T-2) is found by solving (11)  for some given level of residual soil nitrogen carry-
P  *P over (RK T-2 
) The optimal nitrogen fertilizer application level for period T - 2 (AK T-2) can
be calculated by subtracting RK  T2 from NK,  T-2
For the next-to-last  crop sequence  (crop sequence K- 1), the DP recursive equation
is written as:
9(12)  P  W  B  P  pW 4  B (12)  FK-l(RK-1,T-5  RK-1,T-4,  RK-1,T-3; PT-5  ,T-4)  T-3;  rT-59  rT-4  rT-3
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where E(FK(.)) in equation (12) represents the expected present value of profit for crop
sequence K (the last crop sequence  in the planning horizon) evaluated at the optimal
level of available nitrogen  for potato year T -2 (NKT-2). The  first-order condition for
profit maximization of (12)  is:
aF  P  OyK-PT-5
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The first four terms to the right of the equal sign in (13) are defined  as those in (11),
while the last term represents the monetary savings in nitrogen fertilizer applications
during potato year T- 2  obtained from the marginal unit of nitrogen fertilizer in potato
year T - 5 (A1,T-5). The term VK1,T-3  in (13) is the expected residual nitrogen carry-over
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to potato year T - 2 in crop sequence K as a function of available nitrogen in barley year
T-3 in crop sequence  K-1  (i.e.,  v  3 =  -,T 3(N  )  E(RT2  -T-3) K-1,T_ 3 K-l3;-_3  ,T 3) K  ,T 2 NK;i,T_3).  By
induction, (13)  may be expressed as
(14)  Pt  - -r  l  +  (x  ^ n  t \  P  n
aAk,  t  a  oN,  ,t+l  aa  N;
+  p  p + )  )  iP  ,  dB  ak t AI  -aNt  )  Nt  -N- t  O
\~t+2  tt+  z  If  D  aD
+ (2E~p  pB)1  r  Oykt+2 oN__t.2  ONkW+l
2(P  2  Pt  a)Nk,t+2  aNk,  t+l  ,t
for every crop sequence but the last (i.e., for k < K). Thus, (14) can be used to solve for Nk
and AkP  for all but the last crop sequence in the planning horizon. As in the continuous
ON  B  ONW,  t+  N
cropping optimization problem outlined by Taylor, (14)  does not have to be  solved for
P  P every possible R kt. It only needs to be solved for one value of R ,t  (the actual carry-over
to period t). Also, the solution of (14) is necessary for only the time period for which the
optimal application is to be determined, rather than for a sufficiently large number of
time  periods  to  assume  convergence  of the  decision  rule  as with  other  DP models
(Taylor).
The Steady-State Solution for the
Dynamic Optimization Model
The  optimal  "steady-state"  level of nitrogen available  for plant uptake refers to the
amount of nitrogen that must be  maintained in the soil during the potato crop year
(N*P) to maximize  expected  net farm income.  It  is determined  by making  expected
nitrogen  and  crop  prices  constant  over  time,  and  assuming  all expected  yield  and
expected nitrogen carry-over functions are invariant over time (e.g., yP  Yk,t,  =  y^k,
B.  pv  P W=  W
and yB =yt; V= vkjt,  w = vk,t  and vB  v  t). A soil test for residual soil nitrogen would
be required each potato crop year to determine the amount of applied nitrogen necessary
to maintain N *P.  In the absence of a nitrogen soil test, the farm operator must exoge-
nously determine the optimal steady-state nitrogen application rate for the potato crop
year (A*P)  and apply this rate each potato crop year to maximize net farm income.
The optimal steady-state application rate for the potato year (A*P)  can be determined
from relationship (14) by solving for just two crop sequences, k = 1 and k = 2. For k = 1,
the optimal amount of nitrogen available for plant uptake in potato year t =  1 (Ni ) is
obtained by solving (14) using initial condition R1 . The optimal steady-state  level of
available  soil nitrogen to be maintained each  potato year for profit  maximization is
represented by N1,  which can be redesignated as N*P.  With N*P known, the steady-
state levels of nitrogen available for the wheat year (NW)  and the barley year (NB)  can
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year, R *P,  is equal to the expected level of residual soil nitrogen carry-over from the
barley year of crop sequence k = 1 to the potato year of crop sequence k = 2, and is deter-
mined by inserting NB into  VB  [i.e.,E(R2 I  NB)  =  vB(NB)  =  R*P]. The  optimal steady-
state level of applied nitrogen in the potato year (A*P)  can be calculated by subtracting
R*P from N*P.2
The optimal steady-state levels N*P, A*P, and R*P should vary across the field if the
field exhibits spatial yield variability. For example, crop yields may vary across the field
due to spatial differences in soil texture, soil water-holding capacity, depth of topsoil,
and organic matter content. The farm operator can use the optimal steady-state solu-
tions to manage nitrogen application in one of two ways: (a) with a soil nitrogen test for
the entire field in the potato year, or (b) with soil nitrogen tests in the potato year for
all areas in the field exhibiting yield variability. The first strategy represents uniform
nitrogen application, while the second represents variable rate nitrogen application. In
both instances, the farm operator determines the amount of carry-over nitrogen avail-
able in the soil prior to fertilization (RPat) and applies the amount of nitrogen necessary
to maintain N*P. Thus, the optimal level of applied nitrogen either for the field or for
each area of the field (A*)  can vary for each potato year.3
If the costs of soil testing and fertilizer application remain the same for both uniform
and variable rate application, the farm operator who applies nitrogen fertilizer variably
across the field should obtain the maximum present value of net farm income over the
planning horizon. These results occur because the farm operator who applies nitrogen
variably across the field can maintain N*P for each area of the field in every potato year.
The N*P for each area of the field cannot be maintained every potato year if nitrogen is
applied uniformly, as the actual amount of nitrogen available for plant uptake in each
area will  be larger  thanN*P in some  potato years  and  smaller thanN*P in others.
Consequently, because of diminishing marginal returns to nitrogen fertilizer, the farm
operator who applies nitrogen fertilizer uniformly across the field will realize, ex post,
a smaller aggregate net farm income. If, however, the costs of soil testing and fertilizer
application are larger for variable rate application than for uniform application, then
variable rate application will be more profitable than uniform application only if the
benefits of maintaining N*P  for each area of the field in the potato year outweigh the
additional costs of soil testing and fertilizer application.
If the factors  affecting  spatial yield  variability  are known, and if yield response
functions and nitrogen carry-over functions can be estimated for each area of varying
yield, then optimal steady-state solutions can be determined for different parts of the
field. The EPIC crop growth model was used to simulate the data required to estimate
yield response functions and nitrogen carry-over functions for each yield range and the
field.  The EPIC model and the methods used in this study are described  in the next
section.
2 If initial condition RP1 is exceptionally large so thatA;P = 0, then the optimal steady-state  nitrogen application rate for
the potato year (A*P)  is determined by solving for three instead of two crop sequences  (e.g., A*P =  A*P instead of AP).
3 The farm operator also may apply nitrogen to potatoes without soil nitrogen  testing.  In the absence of soil nitrogen
testing, the farm operator will apply nitrogen fertilizer either to the field or to different areas of the field at the optimal
steady-state nitrogen application rate (A*P).  In this instance, the field or field area nitrogen application rate will be constant
over time, since both N*P and R *P  are constant.
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Materials and Methods
Description  of EPIC
EPIC (Environmental Policy Integrated Climate, formerly known as Erosion Produc-
tivity  Impact  Calculator)  is  a  simulation  model  designed  to  help  decision  makers
determine the impacts of alternative cropping systems and climate conditions on crop
productivity, soil degradation, and water quality (Mitchell et al.). Its components include
weather, hydrology,  erosion, nutrient cycling, pesticide fate, soil temperature, tillage,
crop growth, crop and soil management, and economics (Mitchell et al.; Williams 1989).
The crop growth component  simulates many crops using one crop growth model and
unique parameter values for each crop (Williams et al.).
Nitrogen losses are simulated by the nutrient-cycling component of EPIC and include
organic nitrogen transport in sediment and nitrate transport in runoff, percolation, and
subsurface  flow.  An exponential function  is used to estimate  the decrease in nitrate
concentration  caused  by  water  flow  through  a  soil  layer.  The  amounts  of nitrate
contained in runoff,  percolation, and lateral flow are estimated as the products of the
volume of water leaving the soil layer and the average daily concentration of nitrate in
the soil layer; and a loading function is used to estimate organic nitrogen loss (Williams
1989).
EPIC  Calibration
Two steps were taken to calibrate EPIC to simulate seed potato yields for the four yield
ranges.  The first was to calibrate  EPIC  to simulate  a  conventional  three-year seed
potato/spring wheat/feed barley crop sequence.  This step was accomplished using soil
data, farm production and management data, and daily weather data from the Ashton
seed potato operation for the period 1987-94. The second step involved calibrating EPIC
to simulate  1995 seed potato yields falling within each of the four yield ranges. In this
step, EPIC simulations were made for the period 1987-95, and were sequenced so that
a seed potato yield observation would be simulated for 1995. The simulations were made
using actual  daily weather data for 1987-95, and soil data for Kucera silt loam with
bedrock  substratum  and Lostine silt loam  soils.  Calibrations  for YldR1, YldR2,  and
YldR3 were made using Kucera silt loam soil data. The seed potato operator indicated
that soil depths are variable across the field due to the bedrock substratum being close
to the surface in many areas. Thus the model was  calibrated for the first three yield
ranges by reducing soil depths. Lostine silt loam soil data were used to simulate  1995
seed potato yields for YldR4. It must be noted that using three to five years of yield map
data  would  be  more  appropriate  for  determining  spatial  patterns  in  yields  for  a
particular field. However, only one year of seed potato yield map data was available for
this study.
Irrigation,  Weather Data, and Nitrogen Application
EPIC is used in this study to simulate crop yield and nitrogen loss data for each yield
range over a 30-year period. Since irrigation water application does not vary by yield
range in this study, each yield range should receive the same irrigation treatment each
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year.  Thus,  a  base  simulation was  made  by  EPIC  to establish  a unique irrigation
schedule for each simulation year. Kucera silt-loam with bedrock substratum soil data
were  used  in  the base  run,  since  the majority  of the field  is composed  of this  soil
type.  Daily weather  observations  were  generated  by  EPIC using monthly  weather
parameters  calculated from  Ashton daily weather  data for the period  1988-95.  The
WXPARM  weather  parameter  program  (Williams  1996)  was  used  to  calculate  the
required parameters.
In the base run, all irrigation water was applied automatically using a center pivot
system. Automatic irrigation of seed potatoes began on June  16 and continued until
August 21, while automatic irrigation of spring wheat and feed barley began on June
6  and continued  until July 24. The  center  pivot systems on the Ashton  seed potato
operation apply up to  1.9 cm of water per application, and require three days to make
one complete application (or circuit). Based on this information, EPIC was programmed
to apply 1.9 cm of water in three-day intervals whenever the plant water stress factor
fell below 0.99. The maximum amount of water applied for each crop was 24 cm for the
entire season, with an additional 2.5 cm of water applied to seed potatoes on September
21 to soften dirt clods for potato digging. The daily irrigation application output gener-
ated by the base run was used to establish the dates and amounts of irrigation water to
be applied in each simulation year.  These timings and amounts  were held constant
across  all four yield ranges  to ensure  each yield range  received the same irrigation
treatment as would be the case in a whole-field situation.
Nitrogen  and phosphorous  in the base run were applied to each crop in elemental
form prior to planting. Nitrogen applications were held constant at 102, 105, and 87 kg
hal1 for seed potatoes, spring wheat, and feed barley, respectively,  while phosphorous
levels were held constant at 41.5 kg ha-1 for seed potatoes and  11 kg hal1 for spring
wheat  and  feed barley.  These  amounts  represent  averages  calculated  from  annual
fertilizer application records provided by the Ashton seed potato operator for the period
1987-95.  All nitrogen and phosphorous  applications  were incorporated  to a depth of
15.2 cm.
Functions  of Yield Response to Nitrogen
Yield  response  functions  were estimated  for all three  crops by yield range.  Sixteen
nitrogen application levels were specified for potatoes in 11 kg increments ranging from
0 to  168  kg ha-~. The rotation  was  simulated  over  a 30-year  period for each potato
nitrogen application,  holding nitrogen applied to wheat and barley constant at their
historical averages of 105 and 87 kg ha-~, respectively. Two different methods of nitro-
gen application were evaluated for potatoes: (a) all nitrogen applied prior to planting,
and (b) nitrogen applied in split applications. Both application methods are summarized
in table  1. The  postplant  timings  for nitrogen  application  in table  1 are based  on
suggested  timings reported in Kleinkopf and Westermann.  Preplant nitrogen  appli-
cations were incorporated at a depth of 15.2 cm, while postplant nitrogen applications
were incorporated at a depth of 1.27 cm.  All postplant nitrogen fertilizer was assumed
to be applied through the sprinkler system.
Simulated potato yields and soil nitrate-nitrogen  (NO3-N) carry-over  at the end of
April in the potato year were collected and averaged for each simulation.  We assumed
that a preplant nitrogen soil test would be used to determine the amount of N0 3-N in
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Table 1. Nitrogen Application Strategies Used to Estimate Seed Potato Yield
Response  Functions (kg ha -l)
Preplant Strategy  Split N Strategy  Total
May 2  May 2  July 15  July 25  Aug 4  Applied
0  0  0  0  0  0
11  0  11  0  0  11
22  0  22  0  0  22
34  0  34  0  0  34
45  0  34  11  0  45
56  0  34  22  0  56
67  0  34  34  0  67
78  0  34  34  11  78
90  0  34  34  22  90
101  11  34  34  22  101
112  22  34  34  22  112
123  34  34  34  22  123
134  45  34  34  22  134
146  56  34  34  22  146
157  67  34  34  22  157
168  78  34  34  22  168
the soil at the end of April. The average soil NO3-N values were added to the amount of
nitrogen applied to provide the average amount of available nitrogen for potato produc-
tion for each simulation. The average yield data and the average available nitrogen data
then were used to estimate potato yield response functions for each yield range and the
entire field.
Yield  response  function  data  for wheat  and barley  were  generated  in a slightly
different manner. Nitrogen applications to both wheat and barley were held constant
rather than parameterized. Thus, only soil nitrogen carry-over was allowed to vary from
year to year. Average  available nitrogen for both crops was calculated  as average soil
N0 3-N carry-over at the end of March plus the fixed amount of nitrogen applied to each
crop.
The estimated yield response functions are presented in table 2. A quadratic function
was found to provide the best fit for the data. Other functional forms were examined,
including the square root, the quadratic-plus-plateau,  the Mitscherlich,  and a logistic
function.  These functional forms either produced  a poor fit relative to the quadratic
function or predicted unrealistic optimal available nitrogen  levels.4 The potato yield
response functions had the expected signs (i.e., ao and a1 were positive; a2 was negative).
The wheat  and barley functions  had negative intercepts  in most instances,  because
4 Optimal available nitrogen was calculated for each functional form by setting the marginal physical product equal to the
ratio of nitrogen price  to crop price  (i.e., the  static rule for nitrogen optimization).  This was  done  as  a check to exclude
functional forms predicting unrealistic optimal available nitrogen levels.
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available nitrogen was not allowed to fall below 105  and 87 kg ha-1, respectively.  The
remaining  coefficients  for the  wheat  and  barley  yield  response  functions  had the
expected signs.
Nitrogen Carry-Over
Nitrogen carry-over (NCO) to the current year is defined as some proportion of available
nitrogen from the previous  crop year. For example, NCO into the potato year is calcu-
lated as some proportion of available nitrogen in the barley year, and NCO into the
barley year is calculated as some proportion of available nitrogen in the wheat year. The
data used to estimate yield response functions also were used to estimate NCO rate
functions.
NCO to the present period can vary depending on the crop grown in the previous
period.  Therefore,  NCO rate functions were estimated for all three crops within each
yield range. NCO rates were calculated as the ratio of average soil N0 3-N carry-over in
the present period to average available nitrogen in the previous period. The rates then
were specified as linear functions of available nitrogen in the previous  crop year. NCO
functions relating the portion of NCO to total nitrogen available less nitrogen removed
in crop yield were found to produce poor fits to the data. These results probably occurred
because much of the simulated N0 3-N carry-over to the next period was the  presult  of
mineralization of organic nitrogen into N03-N over time. Varvel and Peterson reported
similar findings for two- and four-year  grain rotations  on silty clay loam soils  near
Mead, Nebraska. Their results suggested that most of the applied N for these cropping
systems was immobilized by crop residues or soil organic matter, and was being released
by mineralization at a later date.
The estimated nitrogen carry-over rate functions are presented in table 3. The seed
potato and feed barley NCO rate functions were estimated using 16 observations, while
the wheat  NCO rate functions  were estimated  using  11 observations.  The first five
observations  were  excluded  in estimating the latter functions,  as levels  of nitrogen
applied in the potato year were too small to contribute much NCO for the wheat year.
For these five observations,  wheat year NCO was primarily a result of mineralization
of organic N to nitrate N. The a, coefficients were positive for all NCO carry-over rate
functions, indicating that the rate of nitrogen carry-over into the present year increases
as available nitrogen in the previous year increases. The a0 coefficients  were positive
for the spring wheat NCO rate functions, but were generally negative for the seed potato
and feed barley NCO rate functions.  The ao coefficients were negative for many of the
latter functions  because  available  nitrogen in the wheat  and barley  years was  not
allowed to fall below 105 and 87 kg ha-1, respectively.
Nitrogen Application Strategies and Economic Data
The EPIC model was used to simulate crop yields and annual nitrogen losses in sedi-
ment,  runoff,  percolation,  and  subsurface  flow  for four different  nitrogen  fertilizer
application  strategies  over  a  30-year period.  In  all simulations,  seed potatoes were
rotated with spring wheat and feed barley. The four nitrogen application strategies are
identified as follows:
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*  CNV-PN:  Conventional uniform nitrogen fertilizer application during the potato
year, with nitrogen applied to potatoes in one preplant application;
*  CNV-SN:  Conventional uniform nitrogen fertilizer application during the potato
year, with nitrogen applied to potatoes in split applications;
*  VRA-PN:  Variable rate nitrogen fertilizer application by yield range in the potato
year, with nitrogen applied to potatoes in one preplant application; and
*  VRA-SN:  Variable rate nitrogen fertilizer application by yield range in the potato
year, with nitrogen applied to potatoes in split applications.
Applied nitrogen for the single preplant application  strategies  was calculated  as the
difference between the optimal steady-state level of available nitrogen obtained from the
DP model, N*P, and the amount of nitrogen in the soil at preplant simulated by EPIC
for the  end of April in the potato year, Rk  . We  assumed  the farm  operator  would
determine Rkt  using a soil nitrogen test. For the split nitrogen application  strategies,
preplant nitrogen was calculated by subtracting both Rk t and the fixed amount of post-
plant nitrogen applied from N*P.
The economic  value of each nitrogen application  strategy was calculated using the
field-level net present value approach proposed by Hewitt and Lohr. The discrete form
of the basic model for calculating net present value (NPV) for a rotation is as follows:
P.Y. - VC.  -AC
(15)  NPV = E  i  - VC  - ,
i=1  (1  + d)i
where i equals the year in the rotation crop sequence, I equals the number of years in
the complete crop sequence, Pi is the market price of the crop in the ith year ($ unit-1),
Y, is the annual yield of the crop in the ith year (units ha-l), VCi is the variable cost of
producing the crop in the ith year ($ ha-~), AC, is the annualized  capital cost of yield
monitor equipment in the ith year ($ ha-'), and d is the farmer's real discount rate.
Equation (15) represents the net present value of one complete rotation for a single
field. This equation can be modified  to calculate the net present value of the rotation
into perpetuity, as follows (Hewitt and Lohr):
(16)  NPV  =  PiYi  VCi  ACi  -[ 1-  ]
i=1  (1  + d)i  1  - (1 + d)-I
The first term in equation (16) is the single rotation formula from equation (15), and the
second term is the discounting effect of repeating the rotation to perpetuity. The annual-
ized cash flow for a rotation discounted into perpetuity may be calculated by multiplying
equation (16) by the real discount rate, d (Hewitt and Lohr).
Average  crop yields  from each  30-year simulation were used as steady-state  yield
estimates  for  each nitrogen application  strategy.  Market  prices for  each crop  were
calculated as five-year averages for the period 1991-95 (USDA, National Agricultural
Statistics Service). The average price used for seed potatoes was $105 Mg- ($4.76 cwt-1),
the average  price used for spring wheat was  $130 Mg ($3.54  bu-1), and that for feed
barley was $106 Mg 1 ($2.31 bu-~). Government program payments were excluded from
the  analysis  as the  1996 Farm  Bill legislation calls  for a phaseout  of farm income
support after the year 2002.
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A real discount rate of 4.2% was used for the net present value calculations. The real
discount rate was calculated  as the average prime rate of 7.3% for the period 1991-95
(Federal Reserve  System) less an average inflation rate  of 3.1%  for the same period.
Average inflation was calculated based on the Consumer Price Index (U.S. Department
of Labor, Bureau of Labor Statistics).
Variable  costs  for each  crop were obtained  from  University  of Idaho  Cooperative
Extension  Service  enterprise  budgets (Patterson,  Ashley,  and Smathers;  Patterson,
Gortsema, and Smathers; Patterson, Whitmore, and Smathers), and were supplemented
with cost data from the Ashton seed potato operation. All variable cost data were in
1995 dollars. Variable costs included machinery operating costs, irrigation costs, costs
of materials used in production (fertilizer, insecticide, seed), custom costs, consultation
fees, crop insurance,  operator labor costs, and interest on operating capital.
All fertilizer was custom applied. For the CNV strategies (CNV-PN and CNV-SN), the
custom charge for fertilizer application was $16.91 ha'1 and represented  a $12.35 ha-1
charge for conventional fertilizer application plus a $4.57 ha-1  fee for soil testing. The
latter charge was estimated assuming four soil samples were taken for the 63-hectare
field (one every 16.2 hectares) at a cost of $72 per sample ($9 x 8 core samples per soil
sample).  Fertilizer  application  costs  for  wheat  and  barley under  the variable  rate
strategies (VRA-PN and VRA-SN) remained the same as those under the conventional
strategies. However, the fertilizer application charge for variable rate fertilizer applica-
tion in the potato year was $34.58 ha-1. This charge was computed based on personal
communications with fertilizer dealers in southern Idaho, and includes $29.64 ha-1  for
variable rate fertilizer application and $4.94 ha- 1  for map making.
Grid sampling is used in most instances to determine  spatial soil nutrient content
across the field. With grid sampling, the field is separated into grid cells of equal area.
Soil samples are taken from each grid cell. The samples  are analyzed  in a laboratory,
and the results are used to create soil nutrient maps for the field. We separated the field
into four yield ranges to reduce the burden of simulating several grid cells. However, we
account for grid sampling on the cost side. A grid sampling fee of $44.45 ha-1 is charged
to  the VRA-PN  and  VSP-SN  strategies.  This  charge  was  also calculated  based  on
personal  communications  with southern Idaho fertilizer dealers,  and includes $24.70
ha-1 for grid soil sampling and $19.75 hal1 for soil analysis. All custom grid sampling
charges were based on a grid size of 0.567 ha (1.4 acres).
For the variable rate strategies, we assumed the farm operator owns a potato yield
monitor with a Differential Global Positioning System (DGPS) receiver. The cost of the
yield monitor was $2,700, while the cost of the DGPS receiver was $3,500. The former
fee represented  a cost estimate from the Ashton, Idaho, farm operator for a new seed
potato yield monitor, while the latter fee was the midpoint of the cost range for DGPS
receivers reported in Lu et al.5 An additional fee of $500 was added to cover training
costs  (Lowenberg-DeBoer  and  Swinton).  The  total capital  cost  of  equipment  plus
training was annualized to a per year expense  of $1,513 using the 4.2% real discount
rate and  a five-year  replacement  period.  This expense  then was converted  to a per
hectare expense  of $9.35 ha-~ year-~, assuming the yield monitor would be used on 162
hectares  of a typical 486-hectare seed potato operation.
5 We assume the farm operator obtains differential correction free of charge  from a Coast Guard or Army Corps of Engi-
neers station. However, differential correction often is obtained from commercial sources. The fee for this service ranges from
$250 to $600 per year (Lu et al.).
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Table 4. Custom Application Costs and Annualized Yield Monitor Capital Costs
for Potato/Wheat/Barley  Rotation by Fertilizer Application Method ($ ha- 1)
Nitrogen Application Strategies a
Cost Item  CNV-PN / CNV-SN  VRA-PN / VRA-SN
Soil Testing / Analysis  4.57b  9.63
Grid Soil Sampling  0.00  8.23 d
Map Making  0.00  1.65e
Custom Application  12.35  18.11 f
Annualized Yield Monitor Capital Cost  0.00  3.12 g
Total  16.92  40.74
aCNV-PN = conventional nitrogen application in potato year, preplant N strategy; CNV-SN =  conventional
nitrogen application in potato year, split N strategy; VRA-PN = variable rate nitrogen application in potato
year, preplant N strategy; and VRA-SN = variable rate nitrogen application in potato year, split N strategy.
b Four soil samples for the field at $72  per sample - 63 hectares.
c  $19.75  ha
- l  VRA custom soil analysis charge for the region x  1/3 + $4.57 ha
- l  conventional  soil analysis
charge  x 2/3.
d  $24.70 ha-l VRA custom grid sampling charge for the region x 1/3.
e$4.94 ha-l VRA custom map-making  charge for the region  x 1/3.
f$12.35 ha-l custom charge for conventional fertilizer application x 2/3 + $29.64 ha
-l custom variable rate
application charge for the region x 1/3.
g  $9.35 ha
-l ($2,700 yield monitor cost + $3,500 DGPS receiver cost + $500 training cost annualized to an
annual per hectare charge  assuming a five-year replacement  period, a 4.2%  real discount rate,  and the
equipment is used on 162 hectares  on a typical 486-hectare  seed potato operation)  x  1/3.
A summary of the per hectare  cost of each fertilizer application method is provided
in table 4. The CNV-PN and CNV-SN strategies have the smallest fertilizer application
costs ($16.92 hal1), while VRA-PN and VRA-SN have the largest fertilizer application
costs ($40.74 ha- ).
Results
Optimal Steady-State Nitrogen Levels
Optimal steady-state levels of nitrogen available (N*P), nitrogen applied (A*P), and resid-
ual soil nitrogen (R*P)  in the potato crop year of the rotation were determined for this
study using the DP optimization model presented by (1)  above. The price of nitrogen
fertilizer  was held  constant  at $0.66  kg-l,  while  crop prices  were  calculated  as the
average market prices reported above less per yield operating costs ($13.45 Mg-l for seed
potato storage, and $18.74 and $5.51 Mg- , respectively, for custom hauling of wheat and
barley). The 4.2% real discount rate was used to calculate the time preference  discount
factor a. The model was solved for each yield range using the General Algebraic Model-
ing System (GAMS), version 2.25 (Brooke, Kendrick, and Meeraus).
The output of the model for the potato year of the rotation is presented in table 5. The
amounts of plant available nitrogen required to maximize expected profits (N*P) were
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Table 5.  Optimal Steady-State Nitrogen Levels for Potato Year by Yield Range
Strategy /  Yield  N  Total N  Residual  Pre-  Post-
Yield  Range  Available  Applied  SoilN  plant  plant  Yield
Range  Area  (N*P)  (A*P)  (R*P)  N  N  (Y*P)
Preplant N:  [ha]-----------  [kg ha  -------  -----------------  [Mg ha-']
YIdR1  5  197  171  26  171  0  18.6
YldR2  21  190  155  35  155  0  22.9
YldR3  31  192  149  43  149  0  25.9
YldR4  6  199  134  65  134  0  28.3
Field  63  195  147  47  147  0  26.6
Split N:  [ha]  -------------------------- [kg ha  --------------------------  [Mg ha-l]
YldR1  5  187  160  27  70  90  19.0
YldR2  21  188  153  35  64  90  22.8
YldR3  31  191  148  43  58  90  25.9
YldR4  6  198  133  65  44  90  28.3
Field  63  194  147  47  57  90  26.6
generally larger for the more  productive  yield  ranges. YIdR1  under the preplant  N
strategy was the exception to the rule. For this strategy, YldR1  required more plant
available nitrogen to maximize expected profits (197 kg hai') than either YldR2 (190 kg
ha-1) or YldR3 (192 kg ha-1).  This result was due to the shallow topsoil depth of YldR1
relative to the other four yield ranges. Much of the nitrogen applied to YldR1 percolated
below the root zone.  Therefore, more plant available nitrogen was required for profit
maximization  on YldR1 than on YldR2  or YldR3  under  the preplant  N strategy  to
replace nitrogen lost to percolation.
The steady-state  levels of residual soil N carry-over (R*P) were larger for the more
productive yield ranges and smaller for the less productive yield ranges (table 5). These
results were due to differences in organic carbon content and topsoil depth among the
soils used for each yield range.  The soil for YldR4  (Lostine silt loam) contained  more
organic carbon content than the soil used for the other three yield ranges (Kucera silt
loam), allowing for more mineralization of organic N to nitrate N over time. The YldR4
soil  also had the deepest topsoil depth, which made this soil the least susceptible  to
nitrate N losses from percolation. Both factors resulted in YldR4 having the largest R *P
value of the four yield ranges (65 kg ha-'  for both N application strategies). Conversely,
the shallow soil depth of YldR1 precluded this yield range from having a large amount
of soil N carry-over. Nitrogen not utilized by the plant tended to leach below the root
zone on this yield range.
The split N strategy results imply that greater nitrogen application efficiency can be
achieved for the field by splitting nitrogen application throughout the growing season
rather than applying all nitrogen at preplant. As seen in table 5, both  N*P and A*  were
smaller under the split N strategy than under the preplant N strategy for nearly every
instance, implying more efficient utilization of nitrogen by the plant under the former
strategy. The greatest nitrogen application efficiency from the split N strategy occurred
on YldR1, as would be expected given its shallow soil depth. Both N *P  and A*P for YldR1
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were reduced by 10 and 11 kg ha-1, respectively, when using the split N strategy in place
of the preplant N strategy.
For both nitrogen application  strategies, uniform nitrogen application based on the
field  N*P would result in less-than-optimal nitrogen fertilizer application to YldR1 and
YldR2,  more-than-optimal  nitrogen fertilizer application to YldR4,  and near-optimal
nitrogen fertilizer application to YldR3. If the per hectare charges  for fertilizer appli-
cation in table 4 were constant for each application  method, the farm operator would
maximize  profits  by applying more nitrogen fertilizer  to YldR1  and YldR2,  and less
nitrogen fertilizer to YldR4 than to the rest of the field. Also, results indicate that the
amount of available N required to maximize expected profit for the field would be under-
estimated if nitrogen fertilizer recommendations were used. Based on agronomic recom-
mendations,  approximately  160 to 178 kg ha-1 available nitrogen would be required to
achieve the optimal steady-state field yield of 26.6 Mg ha-'  when grain straw from the
previous  crop is incorporated  (Love et al.; Painter et al.). These rates are smaller than
those calculated for the field by the DP model (195 kg ha-' for preplant N application,
and 194 kg ha-l for split N application).
Economic Returns by Nitrogen Application  Strategy
Returns above variable costs, net present values, and annualized cash flows for each
fertilizer  application  strategy  are presented  in table  6.  Per  hectare  returns  above
variable  costs were positive for the seed potato and the spring wheat years, but were
negative for the feed barley year of the rotation in every case. The negative feed barley
year return is not uncommon,  as feed barley is included in the seed potato rotation for
agronomic reasons rather than profitability.
Splitting  application  of nitrogen  fertilizer  in  the  potato  year resulted  in  slight
increases in annualized cash flow for the field under both conventional and variable rate
fertilizer application (a $2 ha- 1increase in cash flow using CNV-SN in place of CNV-PN,
and a $1  ha-1 increase in cash flow using VRA-SN in place of VRA-PN). The  slightly
larger cash flow for the field from split N application was due primarily to the increased
cash flow from split N application on YldR1. The annualized cash flow on YldR1 was $23
ha- 1 larger for CNV-SN, and $18  ha-1larger for VRA-SN when compared to CNV-PN
and VRA-PN.  Split N application had little impact on the annualized cash flow of the
other three yield ranges.
VRA-PN and VRA-SN were less profitable than the conventional strategies given the
current  cost  structure  (i.e.,  assuming the  cost  of all  components  in  table  4  remain
constant over time). For both VRA-PN and VRA-SN, the optimal level of plant available
nitrogen was maintained for each  yield range in the potato year.  However,  the total
costs  associated  with  variable  rate  fertilizer  application  (i.e.,  grid  sampling,  soil
analysis,  variable  rate  application,  and the  yield monitor)  outweighed  the  benefits
obtained  from maintaining the optimal plant available  nitrogen levels for each yield
range.  The costs used for variable rate application  in the region are admittedly high
relative to those reported in other crop-producing regions in the United States. None-
theless,  even  if variable  rate  application  costs  for the  region  fell  over  time,  VRA
strategies would still likely be less profitable than conventional strategies for this field.
Sensitivity  analysis  indicated that variable  rate application  costs would have to be
reduced  by 90% before  the VRA-SN  strategy would  be as profitable  as the CNV-SN
strategy.
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Table 6. Returns Above Variable Costs, Net Present Values, and Annualized
Cash Flows by Nitrogen Application  Strategy and Yield Range ($ ha- l)
Returns Above Variable Costs:  Annualized
Strategy /  NPV,  Cash Flow,






























































































































a NPVs are calculated assuming a real discount rate of 4.2%.
bReturns for the field represent returns for YldR1-YldR4 weighted by the number of hectares for each yield
range reported in table 5.
Nitrogen Losses by Nitrogen Application Strategy
Nitrogen losses associated with each application  strategy  are presented by crop and
rotation in table 7.  The  crop N loss results indicate that most nitrogen loss  for the
rotation occurred during the potato and wheat years. The potato year resulted in the
greatest N loss, as more nitrogen was applied in the potato year than in the other two
years of the rotation. N losses in the wheat year were generally larger when the split N
strategy was used during the potato year. The increased N losses during the wheat year
are  likely due  to  the inability  of wheat  to fully utilize  the additional  N carry-over
resulting from split N application  during the potato year.
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Table 7.  Total and Average Nitrogen Loss by Nitrogen Application Strategy
and Yield Range (kg ha -l)
N Loss by Crop: a  Total  Average
Strategy /  N Loss,  N Loss,






























































































































a  N loss is the sum of average  organic N loss from sediment, average  nitrate N loss from runoff, average
nitrate N loss from percolation,  and average nitrate N loss from subsurface  flow calculated from 30 years
of EPIC-simulated data.
b Nitrogen  losses for  the field  represent nitrogen  losses  from YldR1-YldR4  weighted  by the  number of
hectares for each yield range reported in table 5.
N losses for the field were nearly the same between the conventional and the variable
rate  strategies  (table 7),  implying  no environmental  benefit  was achieved  by using
variable rate nitrogen application in place of conventional nitrogen application on the
field. The average N loss to the field was 10 kg ha-l  for both CNV-PN and VRA-PN; the
corresponding N loss for both CNV-SN and VRA-SN was 9 kg ha-l. Greater differences
in N losses occurred between the preplant and the split N strategies.  The preplant N
strategies resulted in slightly larger N losses when compared to the split N strategies,
and most of the N loss was attributable to YIdR1. Average N losses on YldR1 were 25
kg ha-1and 30 kg hal1, respectively, when using CNV-PN and VRA-PN,  and were 21 kg
ha-l  and 24 kg ha-l  when using CNV-SN  and VRA-SN.
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Summary and Conclusions
This study has investigated the economic and environmental outcomes associated with
variable rate nitrogen fertilizer application considering carry-over effects for a specific
field situation. A dynamic  optimization model was used to determine optimal steady-
state nitrogen levels for a field with spatially variable seed potato yields. The EPIC crop
growth model was calibrated to simulate seed potato yields for four different areas of the
field using  soil, weather,  and production data obtained  from a seed potato operation
near Ashton, Idaho. A three-year rotation of seed potatoes followed by spring wheat and
feed barley was simulated over a 30-year period with conventional and variable rate
nitrogen fertilizer application practiced during the potato year. Both preplant and split
nitrogen application were  examined in the  analysis.  Economic returns  and  average
nitrogen losses were evaluated for each nitrogen application strategy assuming the farm
operator desires to maximize expected profits and reduce nitrogen losses for the field.
If  fertilizer application costs were the same under both conventional and variable rate
application, the farm operator would receive a larger profit by applying variable rates
of nitrogen fertilizer to each yield range. However, the costs of variable rate nitrogen
application were much larger than those of conventional  nitrogen application for the
field. The larger fertilizer application costs outweighed the benefits achieved from main-
taining the optimal steady-state  level of plant available nitrogen for each yield range
in the potato year. Also, there was little difference between average nitrogen losses for
the field under variable rate application and those under conventional application. Thus
minimal  environmental  benefit was  achieved  for the field  from using variable  rate
nitrogen application. These results indicate that variable rate nitrogen application may
not be appropriate for all field situations in which yields vary spatially.
The results also suggest that greater economic and environmental benefits may be
achieved  for some  fields simply by improving the management  of nitrogen fertilizer
application.  In all cases, split application of nitrogen fertilizer during the potato year
was found to produce slightly larger profits and lower nitrogen losses for the field when
compared  to applying all nitrogen at preplant.  The  conventional  strategy with  split
nitrogen application produced a larger profit for the field than the variable rate strategy
with split nitrogen application. Most improvement in profit and reduced nitrogen losses
from split nitrogen application occurred on the least productive yield range. This yield
range had the most shallow topsoil depth. Split nitrogen application improved nitrogen
utilization by the plant and reduced both the amount of optimal nitrogen applied and
the amount of average nitrogen loss for this yield range.
Some caution must be used in interpreting the results of this study. The results apply
to a specific field situation and cannot be generalized to a whole region. However, it may
be  argued  that  the  economic  and  environmental  feasibility  of variable  rate  input
application must be  evaluated  on a field-by-field  basis,  since the very nature  of the
technology is that it allows the farm operator to customize input application according
to spatial variations in the field. It may be that the technology is profitable for a specific
subset of field situations.  The  conclusions  from  our study indicate  a need  for more
research in this direction. Also, complete disclosure of the cost structure of variable rate
application should be made in profitability studies. Some studies report variable rate
input application to be profitable, but do not account for or reveal all the costs associated
with its use.
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Several  limitations of this study should be  mentioned.  One is that the model was
calibrated to simulate crop yields for a seed potato operation, but was not calibrated to
simulate nitrogen losses. In addition, neither yield output nor nitrogen loss output were
validated. Despite these limitations, the results do seem to make sense given the known
soil characteristics  of the field. The nitrogen loss output may be interpreted in relative
terms for each  nitrogen application  strategy (i.e.,  one  nitrogen application  strategy
produces more N loss than another),  as actual levels of nitrogen loss for the field are
unknown.
A second limitation  is that  we explained  spatial yield variability  as a function of
nitrogen availability and soil characteristics alone. However, yield variability is much
more complex,  and many factors  contribute  to it. A third limitation is that we  used
only one year of yield map data to measure spatial yield variability across the field. Four
to five years  of yield map  data  would be  more  appropriate  for determining  spatial
patterns  in yields for the field.  Only one year's  data  were  available  for this study.
Finally, we vary only one input. The profitability of variable  rate application may be
improved if other inputs, such as water, seeds, and pesticides,  are varied in addition to
fertilizer.
[Received September 1997; final revision received  May 1998.]
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